Airborne transmission is of significance for a number of infectious diseases in pigs. The general principles of the airborne pathway, including aerosol production, decay and inhalation, are reviewed. Practical issues regarding aerosol sampling and sample analysis are also discussed. Details of the aerobiology of porcine diseases, including foot-and-mouth disease, Aujesky's disease, and respiratory diseases, are explained. Some additional, potentially airborne diseases are discussed in terms of the evidence for their aerosol transmission. In order to prevent airborne diseases in pigs, dust reduction, air filtration, air disinfection, vaccination and the establishment of disease-free regions could be considered.
INTRODUCTION
Any process that results in the fragmentation of biological material will generate aerosols (Cox & Wathes, 1995) . In diseased animals, sneezing and coughing can generate large amounts of airborne particles. Also, particles may originate from faeces and urine splashes. Diseased animals through their activities are a source of infectious aerosol and the inhalation of infectious aerosols by susceptible animals is a route of disease transmission in a number of viral and bacterial diseases. One of the first authors to realize the significance of this process and to investigate aerosol generation and behaviour was Flügge (1897) . His opinion was that airborne transmission is possible with any infectious disease, but that it is more likely to occur in some diseases than others.
In order to fully understand how diseases spread, it is therefore necessary to include research on the possible role of aerosols. Such investigations include aerosol sampling and analysis, both of which require a sound understanding of the behaviour of aerosols as well as the physical, chemical and biochemical factors which influence survival and infectivity of airborne bacteria and viruses (Cox, 1987) . This manuscript reviews the techniques of aerosol investigation and the role of airborne infectious diseases in pigs.
DEFINITIONS
AEROSOL: An aerosol consists of solid or liquid particles suspended in air or other gaseous environment (Hirst, 1995) . Dust, smoke and fog are examples of aerosols. AEROBIOLOGY: Aerobiology is part of epidemiology and investigates the airborne transmission process for a variety of sources, particles and targets (Winkler, 1973) . BIOAEROSOL: A bioaerosol is an aerosol comprising particles of biological origin which may affect living organisms through infectivity, allergenicity, toxicity, pharmacological or other processes. Particle sizes may range from 0.5 to 100 µm (Hirst, 1995) . INFECTIOUS AEROSOL: Infectious aerosols form a subgroup of bioaerosols. Infectious aerosols carry pathogenic micro-organisms and therefore have the potential to transmit disease between individuals.
As the scope of this article is the review of the role of aerosols in infectious disease transmission, only infectious aerosols will be discussed. Therefore, the term 'aerosol' will in this context imply that the aerosol is infectious. The direct and indirect influence of other aerial contaminants, e.g. gases and dusts, on pig health have been discussed elsewhere (Groth, 1984; Gerber et al., 1991; Hartung, 1994; Verstegen et al., 1994) and will not be included. Infectious aerosols can also have allergic and toxic effects (Hartung, 1994; Wathes, 1994) , which are undoubtedly important factors affecting particularly the health of housed animals such as pigs. A considerable amount of research has been conducted to cover these issues, the review of which is beyond the scope of this article.
THE AIRBORNE PATHWAY
The airborne disease transmission pathway includes three steps (Winkler, 1973) : (1) aerosol generation ('take off' from the source); (2) aerosol transport to susceptible animals ('aerial transport'); and (3) inhalation of aerosols by susceptible animals ('landing' on the target). Disease transmission occurs if two requirements are met, namely that infectious aerosols are inhaled by susceptible animals in sufficient number, and that the infectivity of the inhaled aerosols is maintained. By its very nature, airborne disease transmission is a multifactorial process. The influence of various factors on the airborne disease transmission pathway in farm animals has been reviewed by Hyslop (1971) , Hugh-Jones (1973) , and Donaldson (1978) . This review will provide an update on more recent research findings.
Factors influencing aerosol production
Airborne particles containing micro-organisms can either originate from liquids as droplets or from dry matter. Droplets present a large surface to the air and evaporate quickly. They are thus reduced in size and weight and can remain airborne over long time periods. The residues of these evaporated droplets are called droplet nuclei (Wells, 1955) . Droplet nuclei are small enough to be inhaled and therefore play a key role for airborne diseases, with the pulmonary alveolus as a port of entry of infection.
Airborne micro-organisms typically occur in clusters (Müller et al., 1978) . In one study, at least 85% of airborne infectious particles contained two or more bacterial cells (Fišar et al., 1990) . The frequency distribution of the number of bacteria per cluster can be most closely fitted with a log normal distribution.
If airborne infectious micro-organisms originate from dry matter they are likely to be associated with dust particles, and the concentration of respirable dust may then be correlated with the concentration of respirable bioaerosol particles. However, if the airborne micro-organisms have a different source than the dust particles, the two concentrations will not be related (Cormier et al., 1990) .
Aerosols are generated with particularly high efficiency by animals through sneezing and coughing. Knight (1973) observed that a sneeze in humans produces approximately 2 × 10 6 particles, with more than 75% being smaller than 2 µm. Coughing is less efficient with only approximately 9 × 10 5 particles produced, out of which more than 95% are smaller than 2 µm. The size of the particles is relevant, because it influences the time until they settle and also therefore the depth of penetration in the respiratory tract upon inhalation. The size of airborne particles is expressed as the aerodynamic diameter (i.e. the diameter of a unit-density sphere with the same resistance to motion) rather than their geometric diameter (Heber, 1995) , thus accounting for the effect of non-spherical shapes.
Particles can also be suspended in normally exhaled breath, although in lower concentrations. Depending on the activity of a subject, up to four particles per cm 3 can be excreted (human data, Fairchild & Stampfer, 1987) . Furthermore, aerosols can originate from faeces or from urine splashes, including aerosols generated by the spraying of slurry (Deans Rankin & Taylor, 1969; Boutin et al., 1988) . Other sources of aerosols are bedding and feed (Fišer & Král, 1969) . Aerosol generation is positively correlated with the level of animal activity (Pedersen, 1993; Bönsch & Hoy, 1996) . This induces diurnal rhythms in aerosol concentrations, with highest levels being observed during the day when animals are active, for example during feeding (Müller et al., 1989; van Wicklen, 1989) .
The concentration of infectious agents in aerosols is also directly proportional to the strength of the aerosol source, as indicated by the number and concentration of infected animals on a farm (herd size, stocking density) or a region (pig density).
Factors influencing aerosol survival, transport and concentration
After take-off, infectious aerosols are subject to both biological and physical decay. Biological decay includes factors that affect the survival (ability to replicate) of airborne micro-organisms and/or their infectivity (ability to cause infection), survival being a prerequisite for infectivity (Cox, 1995) . Factors influencing aerosol decay are typically characteristics of the micro-climate (indoors) or the atmospheric climate (outdoors).
The most important factor for biological decay is the change in water content. The ideal ambient relative humidity (RH) and temperature to maintain survival of airborne microorganisms varies with the nature of the agent (Cox, 1989) . Viruses containing structural lipids (for example influenza virus) are hydrophobic and generally more stable than lipid-free viruses. Viruses with structural lipids survive best in dry air (RH <50-70%; de Jong et al., 1973; Cox, 1995) . Lipid-free viruses on the other hand (for example foot-and-mouth disease virus) are most stable in moist air.
Airborne bacteria have been shown to have narrow critical RH bands for survival, and some species are very sensitive to oxygen. Gram-negative bacteria are more stable at low RH, as their phospho-lipid membranes most readily denature at mid to high RH (Cox, 1995) . Unfortunately, airborne survival of only a limited range of species of bacteria has been studied in detail.
How exactly RH affects airborne micro-organisms is difficult to investigate, but most authors agree that surface damage (for inactivation at high RH) and dehydration (for inactivation at low RH) are likely to be the most influential factors (de Jong et al., 1973) . This hypothesis is supported by evidence that survival can be greatly influenced by the composition of the suspending fluid prior to aerosol generation (Akers, 1973; Cox, 1995) . Further factors that may increase the biological decay of aerosols include radiation, ozone reaction products (also referred to as 'open air factor', OAF), air ions and pollutants. These factors are technically difficult to study and little literature is available. However, OAF sensitivity has been related to virus lipid composition, and foot-andmouth disease virus as well as swine vesicular virus have been reported to be relatively OAF-resistant (Cox, 1987) . This may be important to allow longdistance transmission.
Physical decay of aerosols depends on the time the particles remain suspended, which is influenced by particle size and particle deposition processes. Because air temperature and RH influence particle aggregation and net water flow, they also influence particle size and consequently particle concentration. The more hygroscopic a particle is, the larger it becomes in a humid environment and the faster is its sedimentation rate. Aerosols generally become unstable at a RH of 85% or higher (Beer et al., 1975) .
The influence of ambient temperature on aerosol survival has been described in detail by Cox (1989) . As with RH, the effect of temperature depends on the molecular structure of the microorganism and its inherent thermodynamic instability. An important process appears to be the non-enzymatic reaction between amino and carbonyl groups (Maillard reaction). As this reaction involves the elimination of water molecules, it is enhanced by desiccation.
The influence of temperature on the physical decay of airborne particles has been studied in numerous articles, and the authors generally agree that the concentration of airborne particles is increased at low temperatures, probably due to a combined effect with low RH (Fišer & Král, 1969; Heber et al., 1988a; Butera et al., 1991) . Curtis et al. (1975a) quantified this relationship and found that the common logarithm of the number of bacterial colony-forming particles increased by 0.02 per degree Celsius decrease in median temperature for the day. Airborne bacterial concentrations were also found to be higher in winter than in summer (Fišer & Král, 1969; Hysek et al., 1991) . However, Jones and Webster (1981) found airborne particle concentration to be reduced in calf houses during cold, dry weather periods as opposed to mild, humid periods. The reduction particularly affected particles of respirable size. Because of the different management systems and ventilation regimes in these studies, the interpretation of the results is difficult as a consequence of many influential but uncontrolled factors. The direct comparison of results therefore needs to be performed with caution.
The dilution effect of ventilation on aerosol concentrations has been a matter of dispute. Some authors have described a reducing effect (Heber et al., 1988a) and others reported no effect (Butera et al., 1991) . If a reducing effect was observed, higher ventilation rates seemed to reduce larger particles more rapidly than smaller ones (Pickrell et al., 1993) . Nillsson (1982 , cited by Hartung, 1989 found an increase in dust levels when the ventilation rate was increased during periods of higher temperatures. It is clear that the effect of the ventilation strongly depends on the ventilation characteristics, such as the incoming jet direction (Ikeguchi & Nara, 1992) . Again, the inability to fully control these design effects may explain the contradictory results. Additionally, a modelling approach to explore the protective effects of building ventilation demonstrated that as the infection pressure rises (more infected animals), ventilation offers progressively less reduction in aerosol concentration (Nardell et al., 1991) . This interaction also needs to be accounted for if the influence of ventilation is to be measured accurately.
The total number of airborne bacteria in pig houses is highly variable, as it depends on a number of factors influencing aerosol generation and decay (see above). The results of a selection of the numerous published studies were summarized by Müller et al., (1989) and range from 200-300 colony forming units (CFU)/L air to several thousand CFU/L air. Spatial variability can introduce a bias to airborne particle counting (Conceicao, 1989; Barber et al., 1991) , and several measurements at different locations are necessary to determine the actual concentration.
Airflow models have been established to investigate the indoor distribution of aerosols (Smith et al., 1993; Heber et al., 1996; Hoff & Bundy, 1996) . Airflow is not only influenced by the design of the building and by ventilation, but also by the animals. In fact, animal activity can be just as important in determining the spatial concentration of infectious particles as ventilation (Smith et al., 1993) .
Long distance transport of airborne microorganisms depends on atmospheric dispersion and associated dilution of the aerosol plume as well as deposition mechanisms. The 'footprint' of the infectious plumes may vary greatly in length over time and direction simultaneously. Plume dispersal is influenced by topography (Mason & Sykes, 1981) and by meteorological factors (Bartlett, 1973; Smith, 1983) . Generally, longer transmission distances are achieved in a stable atmosphere. Turbulence is mainly generated by topographical features, obstacles, high wind speed and solar effects (Pasquill, 1961) . Different models have been used to predict plume dispersion, but traditionally the Gaussian dispersal model has been used (Müller et al., 1978; Gloster et al., 1981; Donaldson et al., 1982a; Grant et al., 1994) . These models require as input the aerosol source strength, wind strength, diffusion parameters describing the stability of the atmosphere, the height of emission and an estimate for the biological survival as well as the sedimentation. The output is the aerosol concentration at different locations downwind. A computer model that was originally designed to predict the dispersion of toxic gases using a Gaussian distribution has been used to predict the development of foot-andmouth disease as well as Aujeszky's disease epidemics with reasonable accuracy (Casal et al., 1997) . More recently, so-called puff models have been introduced, that can take into account topography (Mikkelsen et al., 1984) . Over short distances and in flat areas, both types of models produce similarly accurate results. When predicting long-range transmission however, the puff models are preferable due to their capability to model the threedimensional space.
Airborne particles may be deposited by either wet deposition (including precipitation in rain or fog) or by dry deposition. The latter can either be due to gravitation or may occur when particles are impacted onto surfaces by air currents. Particles with a size of 1 µm have a settling velocity of 0.003 cm/s (Cox, 1989) , are unlikely to settle at all, and will only be removed from the air by other deposition processes, for example by filtration. When considering dry deposition, vegetation acts as a filter increasing deposition, provided wind speed is sufficiently high (Gregory, 1973) . In the case of grass that is subsequently ingested by animals, this can pose a considerable indirect infection hazard.
It has been argued that the efficiency of wet deposition by precipitation is significant only for sub-micron particles and over long transport distance (Chamberlain, 1970) , while other authors consider wet deposition to be an important general factor (Gregory, 1973) .
In summary, long-distance transport and survival of airborne agents are favoured by cool, damp, calm conditions in the absence of sunlight over flat, vegetation-free areas or water. If meterological data are available, the form and concentration of the plume can be modelled. However, due to the complexity of the process, predictions always need to be performed in close collaboration with a meteorologist (Smith, 1983) .
Factors influencing aerosol inhalation and infection
When animals inhale aerosols, particles are deposited in the respiratory tract according to the particle size. Particles of 6 µm or greater are trapped in the nose, while particles <2 µm may get as far as the lower respiratory tract and the alveoli, at least in humans (Knight, 1973) . Hygroscopic particles will increase in size as they pass through the saturated air in the respiratory tract. Hygroscopic particles of 1.5 µm were found to be deposited in the nose, pharynx and secondary bronchi, tertiary bronchi to respiratory bronchi and alveolar ducts at ratios of 36, 1, 25, and 21%, respectively. In man, a total of 83% of these particles were retained in the respiratory tract (Knight, 1973) .
The respirable size fraction (<5 µm) of aerosols and total bacteria counts in a pig house are highly variable. In three studies, the respirable fraction of total airborne bacteria was found to be 26%, 11-31% and 48%, respectively (Curtis et al., 1975b; Clark et al., 1983; Cormier et al., 1990) . Dust particle distributions inside a pig house seem to be lognormally distributed (Heber et al., 1988b) with 50% of all particles <2.6 µm. Log-normal distributions were also found when investigating airborne particle concentrations in other environments, both outdoors and indoors (Heber, 1995; Digiorgio et al., 1996; Straja & Leonard, 1996) .
The minimal infective dose for respiratory infection of animals exposed to infectious aerosols depends on the pathogenicity of the infectious agent and the susceptibility of the animal. The minimal infectious dose needs to be experimentally established using well-defined and controlled aerosols (Hensel et al., 1993) . Early data from tuberculosis experiments showed that for agents that are well adapted to airborne transmission the infective dose can be as low as 2 CFU (O'Grady & Riley, 1963) . Donaldson et al. (1987) showed that there can be differences between virus strains and that low infective doses can induce subclinical infection. The time required until the minimal infective dose is accumulated depends on the respiratory volume, the concentration of organisms in the air and the clearance rate of the respiratory tract.
At the farm level, the probability of disease transmission also depends on the number and type of susceptible animals. The more animals inhaling aerosols, the more likely it is that at least one of them will become infected. Thus, herd size is a risk factor for airborne disease transmission . Also, larger animals have a higher tidal air volume than smaller animals. The tidal air volume for a 25 kg pig has been reported to be 9.27 L/min (Brody, 1945) . Higher tidal volumes again increase the possibility of inhaling the necessary number of airborne particles to transmit disease. For this reason, pig farms are at lower risk of airborne FMD-infection than cattle farms (Sellers, 1971) . Similarly, in terms of inhaled volumes, younger pigs are at lower risk of contracting airborne diseases than larger pigs. For this reason, the scale of heat producing units (HPU) was used as an approximation of the respiration volume (Laube, 1996) , as they relate to the physiological heat production of pigs and thus are proportional to their size and respiratory volume.
The success of disease transmission may also depend on further indirect factors influencing the animal's immune response, such as disease status or environmental factors, some of which may be hard to measure. , for example, demonstrated a relationship between coldstress and susceptibility to aerosol infection with Escherichia coli.
With help of the factors influencing airborne disease transmission, the dynamics of the disease can be modelled. Martin (1967) developed a mathematical model predicting the transmission pattern for respiratory disease in calves. This model included factors influencing the concentration of infectious particles (number of diseased animals, size of building, excretion rate), factors reducing the concentration of infectious particles (ventilation rate) and factors affecting the infection of susceptible animals (respiration volume, exposure duration, minimal infective dose). The infection was simulated in waves. The author acknowledged that the model was not realistic because it assumes uniform distribution of infectivity, but it can be used to investigate the influence of the different parameters. Stochastic models should produce more realistic results, but only one example (Hutber & Kitching, 1996) appears to be available describing the use of such models to simulate the spread of airborne diseases at the farm level.
AEROSOL SAMPLING
The most commonly used principles for aerosol sampling are filtration, impaction, impingement, and centrifugal sampling, each of which is briefly described in Table I . Each technique has advantages and drawbacks. Different sampling techniques have been evaluated in pig houses and with pig pathogens (see, for example, Thorne & Burrows, 1960; Hurtienne, 1967; Donaldson et al., 1982b; Crook et al., 1989; Thorne et al., 1992) . It is generally agreed that there is no single air sampling technique that is ideal under all circumstances and which will meet all the goals of a study (Hurtienne, 1967; Cox, 1987; Mouilleseaux, 1990) . The European Commission organized a workshop on aerosol sampling in animal houses, which induced a series of recommendations (Wathes & Randall, 1989) , including the use of cyclone samplers as the method of choice for most research objectives requiring air sampling in animal houses because of their collection efficiency and low collection stress on micro-organisms. However, more research is needed to establish reliable aerosol sampling standards.
When sampling airborne micro-organisms in animal houses, a number of factors can influence the results (Hartung, 1989) . Due to the spatial variability of aerosol concentrations (Robertson, 1989; Conceicao, 1989; Barber et al., 1991; Smith et al., 1993; Mehta et al., 1996) , it is recommended to use sampling locations that are related to behaviour and height of the animals. Not only one but several sampling locations should be used. In order to account for the animals' activity pattern and temporal variation of airborne particle concentrations (Smith et al., 1993) , measurements should be performed over 24 h. Factors known to influence aerosol concentrations have to be recorded, including animals (species, type, number, age, stocking density, clinical disease history, behaviour and activity), buildings (orientation, dimensions, volume, lay out, floor type, pen wall design, ventilation system), feeding (method, equipment, feeding times and duration, type of feed, fat and water content of feed), manure system (type of bedding, removal system, quantity in building) and environment (temperature, relative humidity, ventilation rate, gas concentrations, air speed and direction).
AEROSOL SAMPLE ANALYSIS
Once aerosols have been collected, the samples are analysed to measure the number and type of microorganisms that have been caught. The choice of an appropriate approach depends on the study objective. Not all methods are possible with all sampling techniques. It also has to be decided whether all micro-organisms should be detected or only live organisms.
Plate counting
To investigate airborne bacteria, aerosols may be directly impacted onto culture plates, or collection liquids may be plated on agar immediately after sampling. Filters may also be placed directly on to agar plates for culture. After appropriate incubation, microbial colonies from deposited particles are counted and, if the sampled air volume is known, the concentration of colony forming units (CFU) per m 3 air can be calculated. There is a limit in terms of contamination and of particle concentration for visual counting methods. If overgrowth occurs, the total volume of air sampled should be reduced. The plate count technique is not suitable for slow growing micro-organisms or if specific identification of a microbial species is required. Also, up to 90% of micro-organisms may be viable but not culturable after aerosolization (Heidelberg et al., 1997) , resulting in a severe underestimation of the bioaerosol burden. Therefore, alternative techniques should be used whenever possible.
Cell cultures
Airborne virus collected by aerosol samples can be assayed for infectivity by inoculation of collecting fluids onto monolayer cell cultures. Infection of the cells leads to cell death and the formation of plaques. The number of plaque forming units (PFU) can then be counted and the concentrations titrated. Reliable results depend largely on the sampling conditions and the type of collecting liquid that is used (Bourgueil et al., 1992a) .
Microscopy Morris, 1995) Light microscopy is a traditional, important and relatively simple technique for direct visualization of aerosol particles. In combination with fluorescence and specific antibody stains, immunofluorescence microscopy allows precise identification of micro-organisms. The limit lies in the resolution, 
Antibody-based detection
Antibody-based detection of specific microbial agents and assays for the detection of specific microbial nucleic acids [polymerase chain reaction (PCR)] or microbial products (enzymes, metabolites) have also been developed (Hensel & Petzold, 1995) . Recently, new assays based on the investigation of molecular structures have been used for the analysis of air samples (Olsson et al., 1996) . These techniques are very sensitive and specific. The fact that micro-organisms do not have to survive the sampling process in order to be detectable by PCR is an advantage. These techniques help with previously difficult-to-detect pathogens (Eisenstein, 1990) .
AIRBORNE DISEASES IN PIGS
The documentation of the full airborne pathway of a specific disease ideally requires an investigation of the release of organisms in aerosol form by infected animals, the specification of survival requirements in the airborne state, and a definition of minimal infective dose for susceptible animals by the aerosol route. Once these have been established, maximal transport distances can be calculated for given source strengths, meteorological conditions and target herds. Currently, few pig diseases have been completely investigated with respect to these characteristics (Table II) , because the required experiments are technically complex and expensive. More often, the hypothesis of airborne transmission is inferred indirectly based on epidemiological evidence. If disease transmission depends on risk factors such as herd size, distance to nearest infected herds, size of nearest herd and animal density in the area, it is likely that aerosols are involved as these factors are crucial for the determination of plume dispersal.
Foot-and-mouth disease
Foot-and-mouth disease (FMD) is probably the most researched disease in terms of airborne virus transmission in veterinary medicine (Donaldson, 1979) . Infected animals excrete FMD-virus during a period of time that may start before the first clinical signs can be detected. Up to 8.6 log 10 TCID 50 of virus may be shed per pig per day (Donaldson et al., 1982a) . About 70% of the infectivity excreted into the air is associated with particles >6 µm, 19-24% with particles 3-6 µm, and 10-11% with particles <3 µm (Sellers & Parker, 1969; Donaldson et al., 1987) . Virus survival in the airborne state largely depends on air humidity. For FMD-virus, survival is best at a high RH of >55-60% (Donaldson, 1972, 1973; Gloster et al., 1981) . Under such conditions, and if suspended from milk, nasal fluid or cell culture fluid, FMD virus may remain viable with almost no decay for over 1 h (Barlow & Donaldson, 1973; Donaldson, 1973) . In terms of long-distance transmission, it has been calculated that, given a RH of 60% and a wind speed of 10 m/s, virus could survive over the 2.7 h necessary to travel over 100 km (Donaldson, 1979) . The minimal infective dose for respiratory infection of pigs is 2.6 log 10 mouse ID 50 (Terpstra, 1972 , cited by Donaldson, 1986 . However, cattle are more readily infected via the airborne route than other livestock species because they have a larger tidal volume and therefore sample more air in unit time. The minimal infective dose will thus be accumulated more quickly. The transmission of FMD virus in aerosol plumes has been modelled using mathematical dispersal formulae (Wright, 1969 , cited by Donaldson, 1979; Gloster, 1982) . Earlier work was based on the Gaussian dispersion function, while later simulations used the puff model, which allowed a threedimensional projection of the plume (Donaldson et al., 1982a; Rumney, 1986; Sanson, 1993; Moutou & Durrand, 1994) . A critical step in the development of mathematical models is to validate them using field data. This has been successfully achieved for FMD transmission models (Donaldson et al., 1982a (Donaldson et al., , 1988 Maragon et al., 1994) .
It has been proposed that apart from infected animals, aerosols could originate from incineration of infected carcasses (Smith & Hugh-Jones, 1969) , filling of milk tankers (Dawson, 1970; Donaldson, 1973) or splashes of milk or rain on infected ground (Gregory, 1971 , cited by Donaldson, 1979) . The aerosol risk from spraying infected faecal slurry might also be considerable, as faeces can be highly contaminated (Donaldson, 1973 (Donaldson, , 1979 .
Swine vesicular disease
Swine vesicular disease virus is excreted in aerosol form by infected animals for 2-3 days during the disease (Sellers & Herniman, 1974) , but air concentrations are much lower than with FMD. The virus is also stable in aerosol form at RH >55% (Donaldson & Ferris, 1974) . However, epidemiological data do not support the theory that airborne spread of the disease occurs (Donaldson & Ferris, 1974 ).
Aujeszky's disease
Aerosol transmission of Aujeszky's disease virus (ADV) was suspected by Gloster et al., (1984) and later demonstrated by epidemiological investigations in Denmark (Christensen et al., 1990 (Christensen et al., , 1993 . The transmission of ADV for up to 9 km has also been reported from the UK (Taylor, 1988) . It was shown that the status of neighbouring herds as well as the pig density in a region has an influence on the risk of a herd becoming infected with ADV (Leontides et al., 1994a; Norman et al., 1996; Auvigne & Hery, 1997) . Herd size is also a risk factor for ADV infection (Leontides et al., 1994b) .
ADV was isolated from the air of rooms housing infected pigs (Donaldson et al., 1983; Mack et al., 1986) . The mean 24-h excretion rate per pig was 5.2-5.3 log 10 TCID 50 . The survival of airborne ADV was best at 55% RH and at 4°C (Schoenbaum et al., 1990) . Under such conditions, a 50% decrease of the aerosol concentration occurs in <1 h. A correlation was found between the concentration of airborne ADV in a room and the quantity of virus collected on nasal swabs from infected control pigs housed in the same room (Bourgueil et al., 1992a) . It was found that the virus survives in slurry (Mack et al., 1986; Bøtner, 1991) , the spraying of which can therefore be a possible source of infectious aerosols. Furthermore, ADV was also isolated from dust (Vannier et al., 1989) , which may become airborne and generate infectious aerosols. Gillespie et al. (1996) demonstrated that pigs can be infected by aerosols with a total estimated dose of 4.5 log 10 TCID 50 . It was shown that sentinel pigs exposed to air drawn from a room with infected pigs or housed in the same room as infected pigs, seroconverted (Donaldson et al., 1983; Gillespie et al., 1996) .
The application of a Gaussian aerosol diffusion model showed that it fitted well to the spread of ADV in an area in the USA (Grant et al., 1994) . In this study, the model was applied in an area where 10 farms were infected with ADV during a cold weather period. The distance between the farms was 1.3-13.8 km. Mortensen et al. (1994) showed that the use of meteorological data is useful for the prediction of airborne ADV infection. If such meteorological prediction models had sufficient sensitivity and specificity, they could be used to identify high-risk herds in an outbreak.
Influenza
Quantitative evidence of airborne transmission of influenza virus was provided by Schulman (1968) .
He developed an infection model where mice were exposed either to air drawn from cages housing infected mice or to artificially created infectious aerosols. The results of these experiments showed that the incidence of infection was influenced by the airflow rate and by the relative humidity of the air. Infections were significantly more prevalent at low RH. Schulman was also able to isolate influenza virus from air samples collected in the environment of infected mice.
Very little information is available on airborne porcine influenza. Most research has concentrated on the zoonotic significance of the disease. Porcine influenza virus has the potential to infect humans, as the following example demonstrates. Two people collecting nasal swabs from experimentally infected pigs developed symptoms despite wearing protective gear according to the standards of animal biosafety level 3 (disposable cloths, goggles, disposable gloves, hairnets and masks; Wentworth et al., 1997) , and porcine influenza virus was isolated from them. On one day only, a mask with lower protective capacity was inadvertently used. Thus, airborne transmission was likely to have occurred.
Comparative studies performed on different strains of influenza A virus in aerosols have shown that human and porcine strains have similar aerosol decay rates, more rapid than avian and equine influenza viruses (Mitchell & Guerin, 1972) . Human and porcine influenza virus survived for up to 15 h at a RH of 15% and a temperature of 21°C.
Porcine respiratory and reproductive syndrome (PRRS)
Field evidence of airborne transmission of PRRS virus was reported by Robertson (1992) . It was suspected that the virus could survive in the airborne state over distances up to 3 km. An influence of meteorological factors enhancing airborne transmission under conditions associated with low temperature, high humidity and low wind speed was also described (Komijn et al., 1991 , quoted by Albina, 1997 . PRRS was first described in 1987 (Hill, 1990) , but a hypothesis of airborne spread has not yet been fully investigated. Direct evidence of aerosol transmission is not available. In fact, it has been shown that under experimental conditions airborne transmission is extremely difficult to achieve (Wills et al., 1994) , although aerosol infection is routinely used in infection studies (van Reeth, 1997) . Also, a field study investigating risk factors for PRRS infection in Denmark was not able to demonstrate an influence of herd size (Mousing et al., 1997) , a risk factor commonly associated with airborne transmission. Under experimental conditions, piglets seroconverted after they had been exposed to air drawn from a cage housing infected animals (Torremorell et al., 1996) . However, only 3 of 16 pigs were infected and the development of antibodies was delayed when compared with the immune reaction in intranasally challenged pigs. Although the experimental results do not support the hypothesis of airborne transmission, there is contrary circumstantial evidence from the field (see, for example, Robertson, 1992) . Donaldson and Ferris (1976) investigated the airborne survival of African swine fever virus (ASFV). The virus was not sensitive to a range of RH if exposed for a short time (1 s), but it was very sensitive to moist conditions when stored for 5 min. The optimal survival conditions seem to be at 20-30% RH. In one experiment to assess the possibility of airborne transmission, air was passed from a room housing infected pigs through ducting to a room with susceptible pigs (Wilkinson et al., 1977) . In the same trial, susceptible pigs were also housed on a solid wood platform placed 2.3 m above infected animals. Both groups of recipient pigs were infected with ASFV and developed acute disease. However, attempts to isolate virus from the air in the room with infected pigs were not successful. It was concluded that airborne spread of ASFV is likely to be a problem in intensive housing systems.
Classical and African swine fever
Classical swine fever virus has been listed as possibly airborne by Falk and Hunt (1980) , but this means of transmission is generally believed to be of minor epidemiological importance. The attempt to isolate classical swine fever virus from the air housing experimentally infected pigs has not been successful (Stärk, 1998) . Whether this was due to a lack of sensitivity of the air sampling system or to the absence of airborne virus could not be determined. Further studies under field conditions are required.
Porcine respiratory corona virus (PRCV)
The hypothesis of airborne transmission of PRCV was raised by an epidemiological study performed in Denmark (Flori et al., 1995) , where it was found that the serological status of neighbouring herds and the distance to seropositive neighbouring herds are risk factors for a herd. An increase in the distance from the nearest infected herd by 100 m was associated with a change in the odds ratio of 0.85. Herd size was found to be a possible risk modifier. In Belgium, herd density was described to be a relevant risk factor (Pensaert et al., 1993) . In the same report, an association between re-infection and distance to and herd size of the nearest pig farm was described. PRCV was also more readily introduced into farms in the colder seasons.
It has been shown that experimentally infected pigs produce airborne virus from days 1 to 6 after infection (Bourgueil et al., 1992b) , and that aerosol sampling was particularly efficient when protective agents were added to the collection fluid. Given this evidence, airborne transmission seems to be a likely means of infection for PRCV.
Enzootic pneumonia (EP)
Epidemiological studies of risk factors for EP transmission have suggested that airborne infection may be an important mechanism of disease spread between herds (Goodwin, 1985; Jorsal & Thomsen, 1988; Stärk et al., 1992a) . The infection risk also seems to be climate-dependent, which is another indicator of aerosol involvement (Stärk et al., 1992b) .
Early attempts to isolate Mycoplasma hyopneumoniae from air were indicative of its occurrence, but failed to provide conclusive evidence (Tamási, 1973) . Various avian mycoplasma strains have been recovered from aerosols up to 24 h after generation (Beard & Anderson, 1967; Lloyd & Etheridge, 1974) . This showed possible survival at 25°C and RH of 40-50%. Recently, Mycoplasma hyopneumoniae was isolated from the air with the help of a nested PCR assay .
Aerosol infection models for EP were successfully established by Jakab et al., (1991) . An aerosol generated from culture medium containing 10 7 cells/mL induced minor lung lesions and a reduction in daily weight gain. M. hyopneumoniae could be isolated from the lungs of these pigs, although the animals remained clinically normal. Furthermore, aerosol immunization was described to be an effective way to protect animals . These findings are indicative of an agent well adapted to airborne transmission.
Pleuropneumonia
Although Actinobacillus pleuropneumoniae has not yet been isolated from the air in pig houses, there seems to be little doubt about the importance of aerosol transmission for this agent. An aerosol infection model for A. pleuropneumoniae was recently developed (Hensel et al., 1993 (Hensel et al., , 1996 Jacobsen et al., 1996) . Aerosols of suspensions containing concentrations of 10 4 CFU/mL of biotype 1, serotypes 2, 5b and 6 induced lesions of haemorrhagic necrotizing pneumonia. For the less virulent biotype 2, a concentration of 10 9 CFU/mL of suspension was necesswary to create similar lung lesions. This model is expected to be useful for virulence studies in the future.
Aerosol immunization has been investigated by numerous authors (Nielsen et al., 1990; Bosse et al., 1992; Loftager et al., 1993; , who all found that aerosol-vaccinated pigs developed less severe pneumonia than non-vaccinated pigs. found that inhalation of A. pleuropneumoniae may lead to an asymptomatic carrier stage in some pigs that could spread the disease under field conditions thus supporting the epidemiological importance of aerosol transmission.
Atrophic rhinitis
Atrophic rhinitis is another respiratory disease that has been investigated for airborne transmission, as the degree of turbinate atrophy was found to be correlated with airborne bacteria concentrations (Robertson et al., 1990) . The two agents involved are Pasteurella multocida and Bordetella bronchiseptica.
In 29 out of 44 herds, airborne P. multocida was found in small numbers, 32 CFU/m 3 (Baekbo & Nielsen, 1988) . B. bronchiseptica has also been isolated from the air in commercial pig houses (Stehmann et al., 1991a) .
The biological decay of P. multocida and B. bronchiseptica were found to be 18-22 h for 50% reduction when analysed on dry particle carriers. The influence of temperature and RH was found to be of little importance (Stehmann et al., 1991b) . In an aersosol chamber, the halflife of P. multocida and B. bronchiseptica strains at 23°C and 75% RH was 19 and 56.7 min, respectively (Müller et al., 1991) .
Aerosol immunisation with P. multocida seemed to increase the alveolar clearance and possibly reduce the impact of a subsequent challenge (Müller & Heilmann, 1990) .
Other diseases
The possibility of airborne transmission cannot be excluded for some enteric diseases, where aerosols could be generated from manure and water splashes during intensive cleaning or from manure and waste disposal practices. A study on risk factors for transmissible gastroenteritis showed an increased risk for seropositivity for herds with more than two farms in a 3-mile radius (Yanga et al., 1995) . A study on the transmission of Salmonella spp. within a calf unit revealed patterns more consistent with airborne spread than with transmission between contiguous pens (Hardman et al., 1991) . The fact that aerosol transmission of Salmonella is possible in chickens and calves (Clemmer et al., 1960; Wathes et al., 1988) and that the isolation of Salmonella enteritidis from the air of rooms housing chickens (Lever & Williams, 1996) indicates a possible role of the airborne infection route with this disease that might also be relevant for pig producers.
PREVENTION OF AIRBORNE DISEASE IN PIG PRODUCTION
Any measure reducing the number of airborne particles will directly reduce the risk of airborne disease transmission (Hartung, 1994) . It is, however, necessary to distinguish between airborne disease transmission within a unit and between units.
Within-unit transmission
A first step in aerosol reduction is dust prevention. As feed is the major source of airborne dust (Honey & McQuitty, 1979) , possible measures to reduce the dust load could include adding tallow or soybean oil or water to the feed (Heber et al., 1988a) . A recent study showed that the application of a water-soybean oil emulsion aerosol reduced the concentration of airborne dust by 18% (Bönsch & Hoy, 1996) . Excessive and unnecessary animal activity, such as movement of animals, should be avoided. Also, the relative humidity of the air should not drop below 60% (Hartung, 1994) . Correctly designed ventilation systems and sufficient air space per animal (e.g. 3 m 3 per fattening pig) can help to reduce particle concentration. The use of small sub-units with independent air spaces has also been advocated (Martin, 1967) .
Air filtration combined with positive pressure ventilation has been studied as a second measure to reduce aerosols. Pigs housed in a room equipped with an air filter removing particles >5 µm reached market weight significantly earlier (6-8 days) than the control group (Carpenter et al., 1986) . In the filter-equipped room, total particles, dust mass and bacterial CFU were significantly reduced. A similar study performed with veal calves reported a significant effect of air filtration on the number of treatments and total antibiotic usage (Pritchard et al., 1981) . However, such equipment is expensive and probably not practical under field conditions (Donaldson, 1978) .
Other dust reducing measures, such as control by air cleaning, electrostatic precipitation, dry filtration and wet scrubbing, have been described by Carpenter (1987) . The decontamination of the air by aerosol disinfectants (e.g. Narcosept 0.2%, chlorinated lime, Lugol's solition + 1% NaOH, 2% lactic acid, 0.1% Antigerm) is another option for short-term reduction of airborne bacteria (Sobih et al., 1991) .
Between-unit transmission
A different approach to reducing within unit spread is the use of vaccines. It has been shown for enzootic pneumonia and for ADV that the shedding of airborne pathogens is reduced but not totally eliminated in vaccinated animals (Bourgueil et al., 1992a; Schatzmann et al., 1996) .
The prevention of between-unit spread of airborne diseases seems to be more difficult. Physical separation (housing) is not likely to be sufficient in order to avoid significant aerosol contact (Smith, 1983) . Ideally, the geographical location of the unit should be selected in an area with low pig density and at a distance from neighbouring herds known to be infected with diseases subject to airborne spread. Müller et al. (1978) observed that a minimal distance between units of 150 m significantly reduces the aerosol challenge but cannot prevent airborne infections. As the choice of location will hardly ever be offered, other measures are needed. Again, air filtration or vaccination may be options. More promising seems the attempt to create areas free from specific diseases with the help of regional eradication programs (Laube, 1996) . Special attention should also be paid to slurry and dung spreading, as these operations may result in pollution at a distance of up to 600 m (Errington & Powell, 1969) .
